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Introduction
A major target in the development of solid-oxide fuel cells (SOFC) is the decrease of their operating temperature down to 550-750 o C (intermediate temperature SOFC or IT-SOFC) [1] . For this purpose standard cathode material based on Sr doped LaMnO 3 (LSM) should be replaced by oxygen-deficient perovskites with 3d-elements like Fe, Co, Ni or Cu. These compounds may show improved oxide-ion conductivity at elevated temperatures and, therefore, due to the changes in the mechanism of oxygen reduction in comparison with LSM, are much more effective for the application in IT-SOFC [2] . Recently, layered cuprates R 2 at 973K, respectively [3] ) with low thermal expansion coefficient (TEC) value of 12.3 ppm K -1 .
However, it exhibits nearly temperature-independent low electrical conductivity ~15 S/cm at 1273K [3] [4] [5] . La 2 CuO 4 is the only one phase among rare-earth cuprates crystallizes in the socalled T-type structure (Fig. 1a) . It may be considered to be the first member of RuddlesdenPopper series A n+1 B n O 3n+1 , where copper has axially distorted octahedral coordination. This structure may be considered also as an intergrowth of perovskite and rock-salt La 2 O 2 slabs.
Tetrahedral voids in La 2 O 2 slabs of T-phase may participate in the diffusion of oxide-ions as it
was revealed by molecular dynamic (MD) studies [6] . Other rare-earth cuprates R 2 CuO 4 with R = Pr-Gd have T'-structure with square coordination of copper (Fig. 1b) . This structure type may be considered as an intergrowth between perovskite and fluorite R 2 O 2 slabs. In T'-structure there are empty octahedral voids participating in the diffusion of oxide ions [7] . Compressed fluorite slab makes the diffusion of oxygen in cuprates with T'-structure much slower in comparison with T-type. For example, oxygen tracer diffusion coefficient in Pr 2 CuO 4 (7.2×10 -13 cm 2 s -1 at 973K) is by nearly five orders of magnitude lower in comparison with La 2 CuO 4 and the mechanism of oxygen reduction on Pr 2 CuO 4 resembles that one of LSM [8] . However, layered cuprates with T'-structure have a number of advantages as cathode materials in IT-SOFC. This especially concerns Pr 2 CuO 4 having high total electrical conductivity >100 S/cm at 1173K and low linear TEC of 11.8 ppm K -1 [9] .
In the present work, we report on the study of thermal expansion behaviour, hightemperature crystal structure and electrical conductivity of Pr 2-x Sr x CuO 4-δ , 0.0<x≤1.5. In this system three phases with different crystal structures T'-(x=0.0), T-(x=1.0) and T*-phase (x=0.4) were found [10] . In the structure of T*-phase an ordering of smaller Pr and larger Sr cations over two crystallographic positions leads to the presence of both rock-salt and fluorite structure slabs (see Fig. 1c ). In order to confirm the importance of the rock-salt slabs in the crystal structure of layered oxides for fast oxygen diffusion, we have studied oxygen tracer 4 diffusion in Pr 1.6 Sr 0.4 CuO 3.98 by isotopic exchange depth profile (IEDP) technique using secondary ion mass spectrometry (SIMS).
Experimental
Samples of Pr 2-x Sr x CuO 4-δ , x=0.0, 0.1, 0.3, 0.4, 0.6, 0.8, 1.0, 1.3 and 1.5 were prepared by reacting of intimately mixed stoichiometric amounts of CuO, SrCO 3 and Pr 6 O 11 at 1273 -1373K for 20h in air. Phase purity of the compounds was checked by means of X-ray powder diffraction (XRPD) data recorded in a Huber G670 Guinier diffractometer (CuK α1 radiation, image foil detector). High-temperature X-ray powder diffraction (HT XRPD) data were collected in air using Bruker D8-Advance diffractometer (CuK α1 radiation, LynxEye PSD) in reflection mode equipped with high-temperature camera XRK-900 (Anton Paar). Unit cell parameters of the cuprates at high-temperatures were obtained from the refinement of their crystal structures by
Rietveld method using TOPAS-3 program package.
Oxygen content of the single-phase samples was determined by iodometric titration.
Procedure was performed in two stages. At the first stage about 30 mg of the sample was dissolved in 20 mL of water containing 5 drops of concentrated HCl and boiled in air for 10 min.
After that 20mL of 20% KI water solution was added. Chemical reaction may be represented as follows:
The released elemental iodine was titrated with a standard Na 2 S 2 O 3 solution with starch added as an indicator. At the second stage about 30 mg of the sample was dissolved in 10 mL of 20% KI water solution containing 5 drops of concentrated HCl under stirring in closed flask. In this case chemical reaction may be described by the equation:
The released iodine was titrated by the procedure described above. The amount of Cu
3+
and corresponding oxygen content of the samples was calculated from the difference of these two titrations.
Netzsch 402C dilatometer operated in air (298-1173K, 10K/min) was used for the thermal expansion coefficient measurements. For this purpose powders of cuprates were pressed into pellets (8 mm in diameter and 5.0-5.5 mm in height) and sintered at 1343K. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 6
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XRPD and TG studies
Single-phase samples of Pr 2-x Sr x CuO 4-δ were prepared with x = 0.0, 0.3, 0.4, 1.0 and 1.3.
Reflections in their XRPD patterns were fully indexed with unit cell parameters given in Table 1 .
The obtained values of the unit cell parameters of x = 0.0, 0.4 and 1.0 samples correspond to the literature data [10] . Among the prepared compounds only Pr 2 CuO 4 crystallizes in T'-structure (Fig. 1b) , while high substitution levels of praseodymium by the larger strontium cations (x=1.0 and 1.3) leads to the formation of T-phases (Fig. 1a) . Intermediate compositions (x=0.3 and 0.4) have T*-phase structure (Fig. 1c) . Oxygen stoichiometry of the prepared samples determined by iodometric titration is presented in Table 1 (Fig. 2a) . The different temperature dependence of the oxygen content may be explained considering both oxidation state of copper and the peculiarities of the crystal structures of the studied cuprates. In the crystal structure of T'-phase (Pr 2 with the low-temperature one while reverse situation is found for PrSrCuO 3.69 (see Table 1 ).
Temperature variation of the unit cell parameters for PrSrCuO 3.69 and Pr 1.6 Sr 0.4 CuO 3.98 is presented in Fig. 4a and 4b, respectively. TEC for individual unit cell parameters and calculated linear TEC (TEC(V 1/3 )) are given in Table 2 . TEC values calculated from the temperature dependence of unit cell volume (V 1/3 ) are very close to those from dilatometry data ( Table 1) .
Anisotropy of the thermal expansion is observed for both compounds and the TEC(a)/TEC(c) [9] . Apparently, partial replacement of Sr for Pr leads to the appearance of rock-salt slabs in the crystal structure and creates longer interatomic distances between A-cation and O atoms making the thermal expansion behaviour of Pr 2-x Sr x CuO 4 similar to that found for other layered compounds.
Temperature variation of the a-parameter of PrSrCuO 3.69 is clearly different in the lowand high-temperature ranges, while the c-parameter increases nearly monotonically (Fig. 4a) .
These temperature ranges correspond to those observed in the TG study and can be attributed to the start of oxygen elimination from the crystal structure. For Pr 1.6 Sr 0.4 CuO 3.98, where the oxygen loss is less pronounced (Fig. 2a) , the peculiarities of the temperature dependence for a-parameter appeared only at T>973K, where an acceleration of the weight loss takes place (Fig. 4b) (Fig. 4a and 4b ). This correlates with the thermal expansion behaviour observed from dilatometry data (Table 1) Temperature dependence of electrical conductivity ( ) for both compounds at T=373-673K can be satisfactory fitted by Arrhenius-like law modified for small polarons hopping:
where T is the absolute temperature, k -Boltzmann's constant, А -a pre-exponential factor, E athe activation energy. 
The formation of oxygen vacancies by partial heterovalent substitution of Pr 3+ by Sr 2+ is described by: (Fig. 7a and 7b) [16] . In this case eq. (2) can be re-written as:
with equilibrium constant (K ox ) defined as:
At high Sr 2+ content charge neutrality requirement can be expressed as:
At high concentration of oxygen vacancies as in the case of PrSrCuO 3.69 , it can be re-written as:
Combination of eq. (5) and (7) resulted in the following dependence of the hole concentration on partial oxygen partial pressure: 
where i O is oxygen atom at interstitial position. The equilibrium constant (K ox ) for this reaction is:
Taking into account the electroneutrality requirement (
), the concentration of holes or conductivity on the oxygen partial pressure can be expressed as:
Such behaviour was also observed for undoped La 2 CuO 4 [17] and La 2 Cu 0.5 Ni 0.5 O 4+δ [18] . In the latter case it was explained by interaction of charge carriers resulted in non-applicability of the ideal solution model. 
Oxygen diffusion in Pr 1.6 Sr 0.4 CuO 3.98
The oxygen tracer diffusion coefficient D T and the surface exchange coefficient k for Pr 1.6 Sr 0.4 CuO 3.98 were determined by the isotopic exchange depth profile (IEDP) technique using SIMS after isotopic exchange of 16 O for 18 O in the ceramic samples. As an example, the 18 O isotopic concentration depth profile of Pr 1.6 Sr 0.4 CuO 3.98 annealed at 1073K is given in Fig. 8 . The oxygen tracer diffusion (D T ) and surface exchange (k) coefficients were determined by nonlinear least squares regression based on fitting of the diffusion profiles using the Crank relation, solution of the Fick's second law of the diffusion, similar to the procedure described in references [19, 20] . Calculated values of D T and k are given in Table 3 . Dependences of bulk oxygen tracer diffusion and surface exchange coefficients on reverse temperature are given in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 65 Table 4 Oxygen tracer diffusion and surface exchange coefficients determined by SIMS on the 
